ABSTRACT
The retention and translocation of inhaled UOp and PuO 2 aerosols deposited in a worker's lungs are determined, in part, by the dissolution properties of the particles. Relatively insoluble particles are retained in lung for long periods of time and slowly cleared mechanically by mucociliary action, swallowing and excretion via the gastrointestinal tract or they are translocated to the tracheobronchial lymph nodes. Some dissolution and translocation of uranium or plutonium from lung to other organs such as liver, skeleton and kidneys can occur depending on the solubility of the particles deposited in the lung. Dissolved material can also be excreted in urine. Theoretical calculations of the dissolution rate of U02 deposited via inhalation in laboratory animals (Ref.
3) agreed with observed lung clearance rates, implying that dissolution is the dominant mode of UO 2 clearance from the lung. Although PuO 2 is regarded as insoluble, estimates of the initial plutonium body burdens have been made based on urinary excretion of soluble plutonium (Ref. 4) . Two-year studies using laboratory animals exposed by inhalation to aerosols of three materials that might be inhaled by a worker are in progress (Ref. 5a,b) . The wide variety of materials used in the nuclear fuel cycle negates study in laboratory animals of all possible aerosols that could be released. In vitro dissolution studies can be used to investigate a wider range of materials in a shorter period of time and might be used to predict their in vivo behavior. The objectives of this report are to correlate in vitro dissolution rates of selected industrial mixed-oxide aerosols with their physical properties and to provide data from studies lasting 30 days for later comparison with results from the two-year studies in animals. The solubility studies represent a step toward predicting organ distributions of inhaled industrial actinide oxides based on their physical and chemical properties.
Mixed-oxide powders were obtained from selected process steps including powder blending, ball milling, pellet pressing and pellet grinding. Powders were collected from airborne material produced during normal industrial operations. Four materials were selected as representative of major process steps and of steps involving high airborne activity concentrations (Ref.
2). They were returned to our Institute where respirable aerosols were regenerated for use in inhalation exposures of laboratory animals.
Aerosols collected on membrane filters during exposures were subjected to in vitro dissolution experiments in two solvents. The two solvents used were 0.I M HCI and a salt solution designed to simulate blood serum ultrafiltrate (SUF) (Ref. . The major conclusion of the studies was that mixed Pu02 and UO 2 powders from process steps prior to pellet sintering dissolved independently and that Pu02 dissolution was slightly increased when incorporated into a solid solution by sintering. Industrial Pu02 dissolution properties in 0.i M HCI were not similar to those of laboratory 239Pu02 aerosols in the same solvent. Results using SUF as the solvent showed excellent agreement between in vitro and in vivo (Ref. 3) 2 di ssolution ra tes.
2.
MATERIALS AND METHODS
Material s
The powders studied were produced during normal fuel fabrication procedures in representative process steps. Powders were obtained from selected glove box enclosures and included material that was airborne and had settled in the box. The powders were: PuO 2 calcined at 850°C and blended with other lots of feed PuO 2 (designated throughout as PuO 2, 850°C, blender), PuO 2 calcined at 750°C, mixed with UO 2 and ball milled (UO 2 + PuO 2, 750°C, ball mill), Pu02 calcined at 850°C, mixed with U02 and organic binders and suspended during the pellet pressing operation (U02 + Pu02 + Binders, 850°C, pellet press) and a powder produced by grinding pellets sintered at 1750°C to produce a sub-stoichiometric solid solution; (U,Pu)OI.96, 1750°C, pellet grinder. Reagent grade HCI was obtained from the Fischer Scientific
Company. The composition of the serum simulant (SUF) is detailed in Table I . A chelating agent, diethylenetriaminepentaacetic acid (DTPA) was added to prevent precipitation of dissolved plutonium ions in the experimental apparatus. All constituents of the SUF + DTPA solvent were reagent grade. 
Aerosol Generation
Aerosols were generated from powders to provide exposure atmospheres for inhalation toxicity studies in laboratory animals. A powder blower (DeVilbiss Co.) containing 500-700 mg powder was placed in a water bath in a sonic agitator and aerosols were generated at an airflow of 2 Lpm. Aerosols were passed through a 85Kr discharger (Ref. 8) and delivered to the animals. Samples of aerosol particles were collected on 47 mm membrane filters of 0.8 um pore size (Millipore Corp.). Aerosol particle size distributions were determined using cascade impactors (Ref. 9). Aerosol particles were also collected using a point-to-plane electrostatic precipitator (Ref. 10) and transmission electron photomicrographs were obtained using a Hitachi HU-IIC electron microscope.
2.3
In Vitro Solubility A segment was cut from 47 mm filters used in animal exposures, placed in a filter sandwich (Ref. 7) and submerged in 200 mL of solvent. The solvent was not stirred.
The system retained the particles between the two filters but permitted free diffusion of the solvent and solute. The 200 mL volume of solvent was changed every hour for the first day, daily for two weeks and weekly during the remainder of the 30-day experiments.
An additional experiment was conducted to investigate the effect of particle surface composition on the rapid dissolution rates observed during the first day. The filter sandwich assembly used in the study of UO 2 + PuO 2, 750°C, ball mill material in 0.I M HCl was removed after 30 days, dried at room temperature for seven days and returned to fresh 0.1M HCl for one hour. The solvent solutions were then analyzed for plutonium content. A second filter sandwich assembly was treated in the same way.
Radiochemical Analysis
Aliquots of 0.1M HCI solutions were adjusted to 2 M HN03 with nitric acid and analyzed for plutonium, americium and uranium content. Pretreatment of SUF + DTPA solutions was necessary because of the interference of DTPA and other salts with the separation of plutonium and americium by solvent extraction.
The 200 mL SUF + DTPA solutions were evaporated to dryness, dry ashed and wet ashed (Ref. 11).
Filter sandwiches containing the undissolved fraction of aerosols were heated at 500°C for eight hours, wet ashed with concentrated HNO 3, 30% H202 and HF (Ref. 11). Plutonium and americium were separated by extraction of aliquots of the nitric acid solution (Ref. 11). Activities were determined by liquid scintillation counting using a Packard Tri-Carb liquid scintillation counter.
Uranium Determination
Aliquots of 2 M HNO 3 solutions were used directly for the determination of total uranium by fluorometry after fusion in a 2 wt% LiF and 98 wt% NaF salt mixture (Ref. 12). separation of uranium from plutonium or americium was necessary since plutonium is not fluorescent in any oxidation state and americium was present in negligible amounts by mass. Fluorescence intensity was measured using a Jarrel-Ash Model 2600 reflectance fluorometer calibrated with a standard solution of U308 dissolved in 2 M HNO 3.
2.6
Data Analysis
The initial micrograms of uranium and nanocuries of plutonium and americium on each filter segment were determined by summing the total amount of each actinide in each solvent sample plus the quantity measured in the filter sandwich at the conclusion of the study. The undissolved fraction was expressed as a percentage of the initial quantity and plotted versus time. Two-. component exponential equations were fitted to the data points, Eq. (1), % Undissolved = A 1 e-~l t + A 2 e-~2 t (1) where: A i = percentages of the total sample dissolved, ~i = the corresponding dissolution rate constants, (hr-l) and t = elapsed time (hr). Rate profiles were obtained from individual points fitted by a nonlinear least-squares technique and plotted with the corresponding data points on the same axes.
RESULTS

Precision of Results
Aerosols generated for animal inhalation exposure atmospheres were polydisperse and contained irregularly shaped particles ( (Tables 2 and 3) can only be made if the precision of each value is considered. Since the sampling frequency during the first day of the experiment was one change of solvent per hour, the limit of precision for the rapid dissolution half-time was estimated to be ± 0.i day. The precision of a calculated dissolution half-time greater than 1000 days based on measurements from a 30-day experiment was low, as expected. Results of duplicate plutonium and americium dissolution studies in SUF + DTPA and 0.1M HCl indicated that the precision of half-times greater than I000 days was approximately ± 50% (Table 2 ) and ± 25% for values in the i0 to I000 day range (Table 3 ). aTwo-component exponential dissolution equation of the form % Undissolved = A 1 e-~1 t + A 2 2-~2 t.
bMisture of Sterotex @ and Carbowax added to facilitate pellet pressing.
CMean ± standard deviation of values from duplicate experiments.
Dissolution Rate Profiles
All dissolution curves showed biphasic rate profiles (Figs. 2-5 ) with half-times the rapid initial rates of < 3 days followed by slower rates with half-times of 102 to 104 days. The one exception was the dissolution of PuO 2, 850°C, blender particles in SUF + DTPA which showed only one rate with a half-time of 20,000 ± 9,000 days.
Dissolution of Admixtures
The relative dissolution rates of plutonium, americium and uranium from mixed oxides obtained from fabrication steps prior to sintering at 1750°C ( Fig. 2 ; Tables 2 and 3) indicated that UO 2 dissolved rapidly and independently of the PuO~-AmO 2 matrix. Independent UO 2 dissolution was observed in both solvents and agreed with the results of X-ray diffraction studies (Ref. 13) showing the aerosols to be admixtures of PuO 2 and UO 2. The long-term dissolution rates of plutonium and americium in 0.I M HCl were similar within the limits of experimental precision (Table 3) . Plutonium and americium dissolution rates were not generally similar in SUF + DTPA. The major exception was the UO~ + PuO?, 750°C, ball mill aerosol ( Table 2 ). Plutonium and americium dissolved from all four mAterial~ in SUF + DTPA with half-times for the second component greater than 5000 days.
Dissolution of Solid Solution
Dissolution rate profiles of plutonium, americium and uranium from aerosols of the (U,Pu)OI.96, 1750°C, pellet grinding aerosol (Fig. 3 , Tables 2 and 3) showed that uranium was most readily soluble of the three actinides.
The uranium dissolution half-times during the first dissolution component were not appreciably different from other aerosols; however, the rates for the slower phase were decreased in both solvents. Percentages of plutonium and americium dissolved during the early phase were increased in SUF + DTPA. The same was true for plutonium dissolution in 0. i M HCI, but the percentage of americium dissolved was comparable to that from the U02 + Pu02, 750°C, ball mill aerosol.
Dissolution rates of plutonium and americium from the (U,Pu)01.96, 1750°C aerosol were similar to those for other aerosols in SUF + DTPA during the slower phase. Plutonium and americium rates for the pellet grinding aerosol during the slower phase in 0.I M HCI (Table 3) were greater than for the PuO 2, 850°C, blending and UO 2 + PuO 2 + Binders, 850°C, pellet press aerosols, but the plutonium rate was similar to that for the U02 + Pu02, 750°C, ball mill aerosol.
Plutonium Dissolution in Common Solvents
Dissolution rates of plutonium from the four industrial aerosols in common solvents were compared. The (U,Pu)OI.96, 1750°C, pellet grinding material dissolved differently during the first I00 hours in SUF + DTPA than the other three (Fig. 4) , but rates were more similar for all four materials at later times. When 0.i M HCl was used as a solvent, differences in plutonium dissolution behavior among the four materials were more apparent. Plutonium dissolution from aerosols of the (U,Pu)01.96 solid solution was also increased in 0.1M HCI (Fig. 5) , particularly during the early phase (Table 3 ).
3.6
Rapid Initial Dissolution Phase
Results of experiments to investigate the effect of surface composition showed that the mean plutonium dissolution rate (excluding the first day) from the 2 + Pu02, 75 0°C ba ll mi ll material in 0.i M HCI was 1.2 ± 0.6 nCi/hr. The plutonium dissolution rate from the same filter assembly that was dried for seven days and reintroduced into fresh solvent was 45 nCi/hr, representing an initial rate increase by a factor of 38. When the experiment was repeated with the same filter assembly, dried for one day, the plutonium dissolution rate was 12 nCi/hr, a factor of i0 increase. A second experiment using a different filter sandwich assembly showed a plutonium dissolution rate increase by a factor of i0. These results represented a plutonium dissolution rate increase by a factor of I0 to 38.
3.7
Comparison With Laboratory Aerosols Initial dissolution fractions of plutonium from industrial mixed oxides were compared with pure 239Pu02 aerosol dissolution in 0.I M HCI ( (Table 4) . No similar trend was evident for initial dissolution rates in SUF + DTPA (Table 2) . Industrially produced aerosols (Fig. I) have greater specific surface area to volume ratios than aerosols of spherical particles (Ref. 7, 14) and would be expected to dissolve differently. The similar fractions plutonium dissolved for both industrial and laboratory aerosols heat treated at 750°-900°C indicated that, in this range, temperature history was not a major factor for dissolution.
The overall plutonium dissolution rate profile of the UO 2 + Pu02, 750°C, ball mill aerosol (Fig. 5, Table 3 ) showed slightly increased dissolution in 0.1M HCl when compared with material heated at 850°C, even though the plutonium fraction that dissolved within two hours did not correlate with temperature history (Table 4 ). The shorter half-time for the second component of PuO 2 in the ball milling aerosol compared to the blending and pellet pressing aerosols was not the result of differences in particle size distribution (Table 4) , but was possibly the result differences in specific surface area, a property not considered in these studies.
A similarly increased plutonium dissolution from the same aerosol in SUF + DTPA was apparent during the first component, but slower dissolution rates were similar within experimental precision.
Slight differences in profiles of the three materials represented only 0.4% of the initial plutonium present and are not expected to be biologically significant. The major effect of increased heat treatment on dissolution of industrial mixed-oxide fuels was increased plutonium dissolution caused by sintering at 1750°C.
Effect of Matrix on Dissolution
The different dissolution properties of (U,Pu)01.96, 1750°C, pellet grinding aerosols were attributed to solid solution formation. Greater percentages of plutonium and americium were dissolved from the solid solution in the early component in both solvents relative to mixed U02 and Pu02 aerosols. Dissolution rates of plutonium and americium were increased in 0.i M HCl (Table 3) while the uranium dissolution rate was decreased. These results indicate that the major mass component of the solid solution matrix (uranium) modified the dissolution rate other components in 0.i M HCl with its rate slightly modified in turn.
Comparison with Previous Results
The similar plutonium dissolution rates in the second component for the UO 2 + PuO 2, 750°C, ball milling and (U,Pu)O 1 96, 1750°C, pellet grinding aerosols in SUF + DTPA (Table 2) 
Differences between the two studies can be explained by comparing calculation methods. The previous report (Ref.
2) used lO-day experiments and calculated the average daiZy fraction dissolved during days 2 through I0. Plutonium values reported are (9.5 ± 7.7) x 10-5 day-I for the U02 + Pu02, 750°C, aerosol. (If only particles > 1.0 um Dar are considered, the daily fraction is (4.8 ± 1.8) x -3 day-l.) Th e da ily Pu fra ction for the (U,P u)O 1 9 A, 1750°C, pellet grinding aerosol is (3.6 ± 1.2) x 10-4 day-1. As shown in Fig. 4 , the rate profiles for plutonium dissolution from both aerosols continued changing through the first I0 days (240 hours). An average of data during days 2-10 would include contributions from both the rapid and slow components of the curves. When only the data corresponding to the second components (Fig. 4) were included, the values were more similar: (4.8 ± 0.7) x -5 day-1 fo r th e UO 2 + Pu02, 75 0°C, ba ll milling aerosol and (2.4 ± 1.3) x -5 day -I fo r th e (U ,Pu)OI.96 , 1750°C, pe llet gr inding ae rosol.
Plutonium dissolution
rates in the serum simulant solution were similar for the four aerosols studied. The major difference in plutonium dissolution from the solid solution aerosol was the greater percentage (4.6%) dissolved in the first component. The increased plutonium dissolution from the solid solution matrix was clearly seen when all results were compared at 30 days (Fig. 6 ).
Rapid Initial Dissolution Phase
The cause of the rapid initial dissolution phase can be related to two properties of the aerosol particles: specific surface area (Ref. Results of an experiment designed to investigate the contribution of surface composition to the initial dissolution rate showed that specimens that were dried and reintroduced into fresh solvent dissolved i0 to 38 times faster than their rates prior to drying. A collection of particles exposed to 0. I M HCl for 30 days and dried in air would be expected to re-adsorb atmospheric molecules, but would not be expected to have the higher pre-dissolution specific surface area restored. Drying a particle wetted with HCI in air would not reproduce exactly the same surface composition formed by exposure to air alone; however, restoration of the rapid initial dissolution rate indicated that differences between the particle surface and interior were important factors in the initial dissolution process in addition to specific surface area effects. The above results qualitatively agreed with similar experiments using fused aluminosilicate spheres labeled with 137Cs and 0.15 M NaCl as the solvent (Ref. 18).
5.
BIOLOGICAL IMPLICATIONS
Comparison with Animal Studies
Results of the in vitro studies can be used to predict the potential biological behavior of inhaled mixed-oxide fuel aerosols. Both 0.i M HCl and SUF + DTPA solvents showed independent UO 2 and PuO 2 dissolution from admixtures and increased plutonium dissolution from the solid solution matrix by approximately 3 to 5%. Similar. plutonium, americium, and uranium fractions dissolved in 30 days despite differences in solvent pH and composition. Dissolution halftimes of UO 2 from UO 2 + Pu02 admixtures in SUF + DTPA (300 days and 400 days, 4) to estimate the initial lung burden a worker exposed to that material would overestimate the initial lung burden if the slower dissolution rate of pure PuO 2 were assumed for urine samples obtained witbin 2 to 3 days after a single exposure or at any time during chronic exposure. Accurate estimates could be made if the in vitro dissoluton profile of the solid solution aerosol was considered in the calculations.
5.3
Considerations for Chelation Therapy Quantitative study of the rapid early dissolution component of a material involved in an accidental inhalation exposure of a worker would be significant in assessing the use of chelation therapy (Refs. 20, 21) . For example, the dissolution of actinides contained in 2 + Pu02 + Binders, 850°C, pellet press in 0. I M HCl (Table 3) shows that plutonium and americium dissolve rapidly with a half-time of 0.I to 0.2 days. However, only 0.1% to 0.4% of the initial plutonium dissolved at this rate while the remaining > 99% dissolved with a half-time of years. More than 95% of the plutonium in the (U,Pu)01 96 solid solution aerosol dissolved with a halftime of years. Similar behavior was observed~n both solvents, implying that chelation therapy for plutonium and americium would probably be of little value. The greater solubility of UO 2 admixture aerosols indicates that chelation therapy of uranium might be considered.
Criterion for Choice of Preferred Solvent
The utility of in vitro dissolution tests and selection of a preferred in vitro solvent system for the prediction of in vivo behavior of inhaled industrial mixed-oxide aerosols must be demonstrated by comparison with results of concurrent studies using laboratory animals (Ref. 5a).
CONCLUSIONS
The results of these in vitro dissolution studies allow general conclusions to be made regarding the solubility of industrial nuclear fuel materials that might be accidentally inhaled by a mixed-oxide fuel fabrication worker. First, biphasic rates were observed for all isotopes in all materials in both solvents except for the very insoluble PuO 2, 850°C, blender material in SUF + DTPA. Initial dissolution rates were rapid and slowed within three days. Initial rapid dissolution rates were shown to be affected in part by dissolution of an altered surface layer. Second, greater percentages of uranium dissolved than plutonium or americium from all materials in both solvents. Third, temperature history did not appreciably affect dissolution except that sintering at 1750°C incorporated UO 2 and PuO 2 into a solid solution matrix. Solid solution formation resulted in 3-5% additional plutonium dissolution in the early phase. Fourth, the SUF + DTPA solvent reflected the in vivo dissolution rate of UO 2 correctly and the dominant role of mechanical processes in PuO 2 clearance from lung. Fifth, in vitro solubility tests were simple and easy to apply to a variety of industrial mixed-oxide fuel aerosols. The results of in vitro tests will be compared with those from studies of animals exposed by inhalation to the same aerosols.
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